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Abstract

The deployment of underlay small base stations (SBSs) iea&d to significantly boost the spectrum
efficiency and the coverage of next-generation cellulawaosgts. However, the coexistence of SBSs underlaid
to an existing macro-cellular network faces important lemges, notably in terms of spectrum sharing and
interference management. In this paper, we propose a nameékgheoretic model that enables the SBSs to
optimize their transmission rates by making decisions @résource occupatigointly in the frequency and
spatial domains. This procedure, known iaterference drainingis performed among cooperative SBSs and
allows to drastically reduce the interference experiernetoth macro- and small cell users. At the macrocell
side, we consider a modified water-filling policy for the povadlocation that allows each macrocell user (MUE)
to focus the transmissions on the degrees of freedom overhmthe MUE experiences the best channel and
interference conditions. This approach not only represanteffective way to decrease the received interference
at the MUEs but also grants the SBSs tier additional trarsomsopportunities and allows for a more agile
interference management. Simulation results show thaptbposed approach yields significant gains at both
macrocell and small cell tiers, in terms of average achilevedite per user, reaching up 36%, relative to the

non-cooperative case, for a network with0 MUEs and200 SBSs.
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. INTRODUCTION

The use of underlaid small cell base stations (SBSs) has pexosed in the upcoming wireless
standards, such as Long-Term Evolution Advanced [1], socoasdrease the spectral efficiency and
improve the indoor coveragé![2]. SBSs are low-cost, low-@ovbase stations that can be deployed
either outdoor by the operator (e.g., picocells, micra;esk metrocells) or indoor by end users (e.g.,
femtocells) so as to boost the capacity of wireless systeyneetiucing the distance between users
and their serving stations. Since, in an underlay spectreress, the SBSs opportunistically reuse the
macrocell spectrum, the interference has been identifigieasnain limiting factor for the macrocell-
small cell coexistence [3]/]4]. In this context, two majottarference components are identified: the
interference brought from the SBSs to the macrocell usetdd), and the interference among different
SBSs, which are respectively referred to as cross-tier arttec interference. While co-tier interference
is a major challenge in all SBS deployments, cross-tierri@tence is particularly sever in outdoor
small cell deployment, such as operator-deployed pice¢8]l Moreover, as the SBSs can only access
the spectral resources which are under-utilized by the ocatirtier, the small cells are not provided
any guarantees in terms of transmission opportunities alitgof service (QoS) requirements. Hence,
developing efficient interference management and specaegess policies is of utmost importance for
achieving the performance foreseen for small cell deploymés].

Recently, significant research efforts have been dedicaiethe study of macrocell- small cell
coexistence, by relying on the SBSs’ self-organizationabéjties. Notably, dynamic spectrum access
[3], [7], [B], [8], [LO], interference coordination [3]|_[], [12] and power control [13],[14]/[15]/ [16]
have been proposed for managing interference by explofteguency carriers or time slots that are
under-utilized in the macrocell tier. In this context, ifiegence alignment (IA) has been proposed
as a linear coding technique that can virtually guarantéerference-free transmissions by exploiting
the spatial directions of the multiple-input multiple-put (MIMO) interference channel, referred to
as degrees of freedom, hereinafter|[17],1[18].1[19]. As |&heiques only use half of the available
transmission opportunities, the opportunistic explatatof the spatial degrees, proposed in the IA
concept, has been recently extended to incorporate thedney dimension. By doing so, one can
improve the transmission rates of the small cells by exptpmew transmission opportunities (i.e.,
degrees of freedom) in both the frequency and space donfZifs[21], [22]. It thus becomes possible
for the small cells to enable interference-free commurooatby leveraging the spatial and frequency

precoding. Moreover, the opportunistic IA solution can benbined with other interference management



techniques, such as successive interference cancelfd8por zero forcing equalization [24]. In order to
perform opportunistic IA, the complete knowledge of thed @lannel state information (CSI) is required
and the transmitters are required to cooperate for the gsign of the precoding matrices. However,
IA techniques are limited by the fact that IA solutions onkyse for certain problem dimensions, which
are given by the number of antennas and the degrees of freE®jn{25]. Hence, in practice, an IA
scheme one can only suppress a limited number of interfesigigals, since the number of antennas
(especially at the receiver side) is limited. Moreoverngdnalf of the spatial degrees of freedom further
reduces the already scarce transmission opportunitiesddrlaid small cell networks [19].

To overcome these IA limitations, the conceptioferference drainingID) [26] has been recently
introduced with the purpose of reusing the degrees of freadioused by the macrocell, while controlling
the interference brought to the macrocell tier. In esselfires an extension of the 1A solution to the case
of shared spectrum deployments. Some of the conditions emiltual alignment of the interfering
signals are relaxed, and a margin of interfering power isval at each receiver. In addition, such
an approach has full reuse of the degrees of freedom in batbespnd frequency domains, provided
that the interference constraints are verified.[1n [26], ppastunistic technique for interference-limited
networks is presented to enable the interference draiminige space and time domain and increase the
number of secondary users in the system[In [27], the exdardi IA to the time domain is combined
with a partial alignment technique for data rate enhanceéroéisecondary networks. Note that both
interference draining and interference alignment invabygerations which are jointly performed by
mutual interferers, which, however, are uncoordinateceréfore, it is clear that there is a need for
novel cooperative strategies at the SBS level aimed at andigneeuse of the macrocell spatial and
frequency resources, as recently suggested in [28], [29], [30], [20], [31].

The main scope of this paper is to jointly address the codrat the cross-tier interference man-
agement in the downlink of an underlay macrocell-small catwork. Due to the highly dynamic
changes in the small cell tier (e.g., SBSs turning on/offpaiyiic user arrivals), the optimization of
macro base station (MBS) transmissions accounting for thsty interference generated by the SBSs
is a very complex task. In this respect, we first show that,wthe MBS performs an independent and
interference-unaware power allocationl[32, Section T, 1h# achievable downlink data rates are strongly
affected by the small cell interference. This effect becomere acute when the MBS transmits several
signal streams over the channels degrees of freedom, atatdersmall cell tiers. Hence, we propose that

the SBSs entirely manage the co-tier and cross-tier imnte bycooperativelyusing an interference



draining technique. Unlike existing work which addresgaiccooperation among the secondary nodes,
i.e., implicit cooperation among mutual interferers|[1[26], [27], our proposed approach allows the
SBSs to autonomously decide evhento cooperate and withvhom based on their self-organizing
capabilities. One of the key advantages of the proposediaolis that, by opportunistically reusing
the channel degrees of freedom, the small cells suppresnileal interference, while still satisfying

a minimum QoS requirement at the nearby MUEs. Note that tbpqeed approach does not require
direct coordination from the MBS, which, in turn, can optmmits spectrum access and power allocation
independently of underlaid small cell transmissions.

In a second phase, we investigate the benefits of low-oveérbeaperation among MUEs and SBSs.
Here, we propose that the MUESs alleviate the interferenodymred by the SBSs by adjusting the MBS’
power allocation and focusing the transmission only on tbgreles of freedom experiencing the best
channel and interference conditions. In other words, w@g@se that an interference-limited MUE can
deliberately release those degrees of freedom, if thisvallor a reduction of the interference over the
degrees of freedom which remain in its use. This approackchnib akin to the modified water-filling
policy [33], creates new transmission opportunities fa tiearby SBSs.

We formulate the problem of macrocell- small cell coexisteras a coalitional game in which the
SBSs and the MUEs are the players. By deciding to coopetaeplayers increase their own utility in
terms of achievable data rate, while accounting for bothi@oand cross-tier interference constraints.
We show that, due to the mutual interference, the utilityi@ad by any player is affected by the
cooperative behavior of the other players in the networkaAssult, the proposed small cell coalitional
game is in partition form, which is a class of coalitional gemsignificantly different than classical
characteristic form games, widely studied in wireless oeks [30], [31]. We solve the considered
game through the concept of a recursive core [34], a key isolutoncept for coalitional games in
partition form.

In summary, our key contributions are the following:

« We design a framework in which the small cells are underlai@ tmacrocell network and reuse

the macrocell degrees of freedom in the space and frequesrogids.

« We propose a small cell interference mitigation solutiosdahon ID, in which the SBSs au-

tonomously manage the interference brought to the othgrarative SBSs and the MUES in their
vicinity.

« The proposed cooperative approach takes advantage offfeesdt nature of co-tier and cross-tier



interferences. On the one hand, underlaid SBSs are mostitetd by resource availability and

co-tier interference. Hence, it is beneficial to mitigate ihterference while keeping the small
cell transmissions confined in a limited frequency bandeddiht from the one used by the nearby
MUEs. On the other hand, the cooperative SBSs’ transmissime required to satisfy the QoS
requirements of the MUES in proximity.

« We model a small cell cooperative behavior using a game ¢tieal approach, by formulating
a coalitional game in which MUEs and SBSs are the players. berefits from cooperation are
quantified in terms of improved achievable data rates.

« By leveraging the solution of modified water-filling poweltoglation, we propose a protocol for
implicit cross-tier cooperation which does not involve direct cowtion between the macrocell
and the small cell tiers. The proposed protocol enables thiEdMto capitalize on the release of
some degrees of freedom with the reduction of the receiveference.

« We present a distributed coalition formation algorithmotigh which MUEs and SBSs take au-
tonomous decisions on the selection of a cooperative giratad reach a stable solution.

The rest of this paper is organized as follows. In Sectionm#, describe the considered system
model and analyze the limitations of the non-cooperativpr@gch. In Section 1l we describe the
cooperative behavior of MUEs and SBSs for mutual interfeeemanagement. In Section IV we
model the cooperative framework as a coalitional gameudsds properties and provide a distributed
algorithm for performing coalition formation. Numericasults are discussed in Section V and finally
conclusions are drawn in Section VI.

Notations: In the rest of the paper, Theg refers tolog,. Bold uppercase letters (e.¢A] ..,) denote
matrices witha rows andb columns, bold lowercase letters (e.g),denote column vectors and normal
letters (e.g.,a) denote scalars. The identity matrix is denoted byThe operator|-||. denotes the
Frobenius normC represents the set of complex numbers &jé denotes the Hermitian transpose

operator.

II. SYSTEM MODEL

Consider thedownlink of a single macrocell wireless network in whiddh SBSs are underlaid
to a tier of N MUEs. Both the MBS and the SBSs use an orthogonal frequenagiah multiple
access (OFDMA) technique over the shared macrocell spactfine macrocell bandwidth is divided

into non-overlapping frequency subchannels, denoted bys#t®, and each subchannel represents



the unitary spectral resource which can be assigned to @gohl stream. LetC = {1,..., K} and

N ={1,..., N} denote the sets of the SBSs and the MUEs, respectively. BBk € K services

L; small cell users (SUEs), denoted Wy. = {1, ..., L}, over |®,| subchannels, in whicld, C &
denotes the set of such selected subchannels. SimilagyBS allocates a set of subchannéls to
each MUEn, and thus, due to the unitary frequency reuse,, @ U U,cp ®» € ®. The MBS and
SBSs are respectively equipped with) and A, transmitting antennas, while the MUEs and SUEs are
both equipped with3 receiving antennas. The MBS and each of the SBSs respgctititete the linear
precoding matrice®/,, € CP*4 andV, € CP*% to transmitd,, < A, andd, < A, streams to the
corresponding receivers. For the sake of simplicity, wesater that each MUR is assigned®,,| =1
frequency subchannel, over whiah signal streams are modulated and transmHte,éls a result, for

each time instant, the discrete received signal at the MUE given by:

Yo =HoVus,+ Y HuVis +2, (1)
kelc(pn

where Ky, = {k € K : &, NP, # ()} denotes the subset of the SBSs which are interfering with
the macrocell transmission ovéx,. [Ho,]4, x5 and[Hy,|4,«s are complex matrices corresponding to
the MIMO channels coefficients between the MBS denoted bystlhescript0 and MUE n, and the
interfering link between SB% and MUE n, respectivelys,, € C%*! represents thd,-dimensional
signal transmitted to the MUR. In addition, d,, denotes the degrees of freedom of the transmitter-
receiver pair (i.e., the number of transmitted signal str€a for the transmitted message. Similarly,
s € C%*! is the d,-dimensional signal pertaining to SBSc Kq, (that is interfering). Furtherz,
represents the noise vector at MWBwvhich is considered as a zero mean circularly symmetrictizedi
white Gaussian noise (AWGN) vector with variangg Both transmitted signals, ands, are limited

by the respective power constraink,, and P¥_ over their signal component$_;" Py < Pr

max max’
dr, pk k
i Pi<P

max?

whereP?. P are the power of thé-th signal stream from the MBS to MUE or from
SBS £ to each of its SUHES In such a setting, we consider that the MBS optimizes itssirassions
by neglecting the existence of the small cell tier, and thusloes not account for the interference
generated by the SBSs. In turn, the SBSs are required to #aaptransmission schemes to the current

macrocell spectrum allocation so as to control the interfee brought to the nearby MUEs and the
INevertheless, the proposed solution can accommodatepteustibchannel allocation schemes in the macrocell tighowt loss of

generality.

2Clearly, P} = 0 (P¥ = 0) if the MBS (SBSk) is not transmitting on the-th degree of freedom of the wireless channel.



other SUEs. Through this assumption, which is common in cawperative networks [31], [21], [35],
the macrocell tier can optimize its own transmissions wiel@aining oblivious of the underlaid small
cell transmissions, which allows for higher scalability tole small cell tier. Accordingly, the MBS
performs a classical water-filling power allocation oveg et of antennad,, as in [32, Section 7.1.1],
based the knowledge of the channel realizatibigs. Finally, the data rate at MUR is computed by
transforming the MIMO channel t@d, parallel channels, in which one signal stream is transthitded
can be expressed ds [36]:

R, = f: lo <1 Vi / >
n = g |1+ : (2)
ed((

= VIHL,GaHonVa) ! + 15 )€

where~! = %, v = J;—f, e; is the d-th column of1l;, andG, = (14, — b,b!) denotes the matrix
of the projection into the nullspace of the interferencespalte of MUEn, which is identified by the
non-unique basi®,. In addition, I* = Zke,cq)n %QnHankV}QHLnQL denotes the covariance of the
interference brought to MUR by the co-channel SBSs af@,, |4, x4, iS the respective post-processing
matrix at the MUE’s side.

From the small cell perspective, spectrum access is caouedn an uncoordinated fashion at each
SBS. This implies that, in order to transmit a sigsak C?%*!, an SBSk selects a seb,, of frequency
subchannels, which are potentially affected by both coarel cross-tier interference. In this context, a
traditional frequency modulation technique (e.g., OFDEYuires|®,| = d; subchannels for the signal
transmissions. Moreover, using such scheme, each SBS neegolsrform additional operations for
interference management (e.g., power control [37] or baditivpartitioning [10]). In contrast, a spatial
coding technique (e.g., interference draining or alignthalows multiple streams to be transmitted
over the same interference-free subchannel, thus it regjidr,| < d, subchannels for transmitting
dy signal streams. As a result, we consider that |®,| < d, for each SBSk, as it captures two
important features. First, spatial coding transmissiahéues increase the spectrum efficiency of an
OFDM scheme by enablind,-dimensional signal transmissions oveér,| < d; subchannels. Second,
the co-channel interference is avoided through cooperditinear precoding at the transmitter side.

With these considerations in mind, for a transmission franS8Sk to one of its SUES ¢ £, the

discrete-time received signal at the SWEat a given time instant, is given by:

Y; = HiiVi s, + Z H;:V,s; + Z Ho:Vy s, +n;, (3)

jEK:@kuj?ék TLGN@k



whereCo, = {j € K,j #k: ;N Py # 0}, No, = {n € N : &, NP, # 0} respectively denote the
subsets of SBSs and MUEs whose transmissions are intgferith SUE i over the bandwidthb,.
[Hyi, Hji)a, <5 respectively denote the complex matrices of the MIMO chénneefficients between
SBS k and SUE4, and the interfering link between SBSand SUEi, over the used subchanr&l
s; € C%*! denotes thel;-dimensional signals transmitted by SBE K4, . Finally, the last summation
in (B) represents the interference from the MBS transngttm its MUE n, in which [Hg;]4, <5 is the
matrix of the MIMO interference channel between the MB&nd the SUE. With this considerations

in mind, we express the rate achieved at each SBEC, as [36]:

di, k
R, = Z log <1 + Va/ ), 4)
= &1 ((VIHLG V)~ + IS + 1Y) el

where[Q,]4. <4, is the post-processing matrix at the SWEX = %5, e; is thed-th column of1,, and
Gi= (14, — bz-b;f) denotes the matrix of the projection into the nullspace efititerference subspace
of SUE, which is identified by the non-unique basis We let/* = 3= . ;—fQiHﬁvjijinj and
IV = ZHGN% %QiHOiVnVLHJ{)iQI denote the covariances of the interfering transmissioos fthe
SBSs and the MBS, respectively.
It can be noted that the performance of the MUEs and SUEsraited by different factors. While the

former are solely limited by the cross-tier interferendes tatter face the challenges of the availability
of degrees of freedom and the contention with the other udoated SBSs over the transmission

opportunities, which incurs severe co-tier interference.

[1l. PROPOSEDCOOPERATIVE INTERFERENCEMANAGEMENT FRAMEWORK

In this section, we propose two novel cooperative mechanishtooperation that enable SBSs to
maximize their transmission rate with a constraint on therference brought to the macrocell tier. We
initially propose an interference management scheme wiglids on the small cell’'s self-organization
capabilities. Subsequently, we extend the model by inolygliartial cooperation from the MUE side,

which, however, requires a limited feedback from the SBSs.
3In case of|®,| > 1, each of the matricefH;, H;;] corresponds to one of the used frequency subchannélirHere, we omit the

subchannel index for the sake of a simplified notation.



A. Cooperative spatial coding techniques for small celhgmissions

According to the underlay spectrum access, small cell tngssons take place on the macrocell
spectrum, while satisfying the QoS requirements of the ol tier. One way to let the MBS and
all the SBSs simultaneously transmit on the same spectalirees is to require that, at each receiver
(MUE or SUE) the interfering signal lies on a subspace whsobrthogonal to the received useful signal.
In this respect, an IA scheme enables the transmitters tie\achigh multiplexing gain (or degrees of
freedom) by adequately choosing the processing matceandV,. By doing so,Q, H:,V, = 0 and
rank(Q,Ho.V,) = d, have to be verified by all the MUEs and the SBS4: [38]. The problem of
constructing those processing matrices in large multifietworks is challenging and the complexity
increases when one cannot rely on the coordination betwedkdvbr SBSs. In fact, this latter case
has three important implications. First, the MBS precodimatrix V,, remains fixed regardless of the
SBSs’ operations. Second, the interference at the MUE® isidjienerally treated as noise. Finally, due
to the contention over the available transmission oppdres) the small cells are limited by the co-tier
interference.

In order to apply an 1A based solution and benefit from conepiletierference suppression, the knowl-
edge of the cross channel informatibty,, is required at each SBS (e.g., it can be acquired assuming
channel reciprocity [35] or through CSI information excbar{24]). Furthermore, by considering that
the channel coefficients iH,,, are identically and independently distributed, the exiséeof a solution
for the IA problem only depends on the dimensions of the mnobld,, A, d., Ay, B) as discussed
in [39], [40Q]. For example, to let small cell underlaid tramssions fall in the nullspace of the MUEs

signal space, the following condition on the number of anésnmust be satisfied [36]:

Ap > Zdn+ Z d; + dy. )

neNe, j€K s, , j#k
As an example, if each MUE and SUE received one signal streéam representing one degree of
freedom) respectively, the necessary number of transmitintennas to suppress two interferers would
be greater than or equal to three. When conditidn (5) is eekifihe small cell deployment reuses the
macrocell spatial degrees of freedom and the interferen@voided without modifying the operations
at the MUE. This case, known a zero-touch, is of particulaergst for heterogeneous networks as
discussed in[[2]. It can be noted that (5) incurs a limitationthe efficiency of the IA, meaning that

the solution exists only for certain properties of the slgna., the number of streams) and the number
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Fig. 1. A concept model of the proposed solution comparedhéotitaditional non-cooperative approach.
of antennas equipped at each transmission link. Therefdren condition[(b) isot satisfied, the SBSs

can no longer resolve the interference in the spatial doroalg. However, each SBS can schedule
its transmissions in the spatial and frequency domains,hopsing a spatial precoding strategy and a
frequency subchannel. Clearly, by adding the frequencyedsion to the problem, the achievable rate
depends on the frequency resource management and the kequblicy at each SBS. We assume that
each SBSk constructs the seb, by measuring the transmission activity over the macrogacsum
and selecting the frequency subchannels with the least ¢é\energy. Clearly, due to the nature of the
underlay spectrum access, the SBSs compete for the trasiemigpportunities in space and frequency
domains, while, on the other side, the MUEs remain obliviotithe underlaid small cells, and hence
non-cooperative.

Although (3) includes both co-tier and cross-tier integfeze contributions, the downlink achievable
rate is sensibly limited by the small cell-to-small cellarference, notably when the small cells are
densely deployed. To overcome this limitation, we propase@proach using which interfering SBSs
decide whether to join cooperative groups, i@alitions and jointly design their precoders so as
to reduce the mutual interference. When conditiioh (5) isfieer for all the coalition members, the
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precoding matrices represent the IA concept solution, wban be obtained through the minimization of
the interference leakage, for examplel[25]. Otherwise,mthe macrocell rates decrease due to the small
cell transmissions, we propose an interference drainihgree, which generalizes the concept of time-
based approach in [26] to the case of frequency underlandmmésions. Accordingly, two cooperative
SBSs align their transmissions on mutually orthogonakfatence subspaces, while maintaining a strong
SIR at the MUEs in proximity. Figurg] 1 illustrates the comsietd scenario compared to the traditional

transmission paradigm. The conditions for the interfeeed@ining can be summarized as follows:

g C CB*% Vv, V; €T,

Span[QininSk] 1 span[QZHﬂVjS]],Vk‘,] c S, (6)

while———
[HrnViSe|

>0,Vk € S,

whereI's is the interference draining space of coalitiSrand MUE n. Note that, the first condition
guarantees that the co-tier interfering components withinoalition S are mutually orthogonal to
the useful signal at the respective receivers. The seconditaan, instead, addresses the interference
experienced at the MUESs discovered by the SBSS and ensures that a target requiremenof signal
to interference (SIR) ratio is met. In other words, the poseV,, k£ € S have to verify that the
interference brought to the MUESs by the underlay transmissdf the SBSs it does not excessively
deteriorate the MUES’ performance. As an alternativé,tthe impact of the cross-tier interference can
also be evaluated by accommodating other metrics, sucheamtirference constraints [41], [37] or
the interference temperature [42]. It can be noted that #& ©f||H,V.S:|| = 0 represents the 1A
solution, since it provides the interference suppressioMEE n, through the precoding at SB&
Here, we extend this concept to a coalitiSrof SBSs, by minimizing the interference leakage caused
by the co-channel small cell transmissions, through theqaliag matrices/,, k € S. As a result, the
problem that we are solving is analogous to construct thegolers so as to solveg min ||Hy, VS| -

We illustrate an example of the proposed interference orgischeme by congiég?ing a coalition of
two SBSs willing to solve the mutual interference, whilepesting the QoS requirements of a nearby

MUE. We foresee the following steps:

1) During the uplink, the cooperative SB&s: estimate the channels,;, H,,;.

2) The cooperative SBSs compute the matriegs, H;, via channel inversion (assuming channel
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reciprocity).

3) In the downlink, the SBSk, closest to MUEn, estimates the subspace spannedHyV,.s,
transmissions.

4) At this point, SBSsj and k jointly compute the precoding matricés;, V; in the interference
draining subspacé’, i.e., that are either in the nullspace Hif,,H,,, or that verify that the
projections ofH,,V,s, onH,V,s, andH;,V s; are greater than.

As a result, the interference from members of the same awakian be suppressed within a coalition

S, yielding the following signal at SUE € £, serviced by SBS: € S:

vk Jdy,

dy,
R{ = Z log (1 + - ) ,
=1 e ((VLHLiPinin)fl + ek s 2 QuHVVIHEQN + 57, v Z—iQiHOiVnVLHgiQD el
@)

where SBS: modulates the,, signal streams ovet,| < d; frequency subchannels, through cooperative

interference draining among the SBSsSn Also note how, in[{I7), the residual interference is only

imputable to the transmissions from the MBS and the SBSddmuthe coalitionsS.

B. Implicit coordination scheme for MUEs and SBSs

From the small cell perspective, the underlay spectrumsaceaaplies that the performance of the
MUESs operating over the same spectrum should ideally remna@ffected by transmissions in the other
tiers, or at least, that the cross-tier interference remaitra tolerable level. However, it is hard to verify
these conditions in absence of coordination among the roeltrand the small cell tiers [35][ [43],
[37], [31].

In a conventional small cell deployment, the rate optimarabf the macrocell transmission links is
performed by the MBS without accounting on the underlaid Ibo&ll transmissions. As a matter of
fact, interference-aware rate optimization is a very @mging task in macrocell-small cell networks,
mainly because the MBS cannot directly estimate or meas@renterference produced by an SBS to
an MUE. For example, in order to implement an interferenwara power allocation in the macrocell
tier, each SUE is required to measure the interferenceveddrom the nearby SBSs, compute the
SIR, and convey this information to the MBS. However, It mbetstressed that macrocell operations
are expected to remain independent of the underlaid smallegloyments. In turn, the small cells are
expected to leverage on their self-organizing nature so peiform the spectrum access and manage the

interference. In line with these considerations, we pregbat the MBS performs an autonomous power
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allocation such as the one proposedlinl [32, Section 7.1.1¢hntloes not account for the interference
brought by the SBSs, and is only aimed at maximizing the nwatf@chievable rate based on the
channel realizations. In practice, this means that uporktioeviedge ofH,,, the MBS assigns to the
set of signal streams (each one uniquely identified by a &equy subchannel and a spatial direction)
a vector{ P7*} C R,

Although the water-filling policy maximizes the achievabbéte based on the instantaneous channel
condition of each signal stream, it is insensitive of thelifgrence suffered at the MUE. As a result, it
could be more rewarding for the MUE to receive the signalastre over the degrees of freedom which
are experiencing the best channel conditions and are |#fasteal by the interference. This concept
idea, which is also referred to asodifiedwater-filling [33], gives the macrocell tier the flexibility
focus on the degrees of freedom which are more robust to thesier interference. In other words,
when a macrocell user is victim of nearby SBSs’ transmissi@ncan require the MBS to adjust the
power allocation and produce a new transmit power vegfjl*} c R%*!, which focuses on the least
interfered degrees of freedodtj, while leaving the remaining degrees of freedom unutilized

Although, the procedure described above appears like aartuttization of the available resources
(i.e., the degrees of freedom), we propose to apply it onlgmithe modified water-filling can compensate
the smaller number of degree of freedoms with a higher aabiewate due to the decreased interference.
At the same time, in the small cell tier, the newly releasesbueces represent additional transmission
opportunities, which can be seized in order to adequatalsease the number of degrees of freedom
and relieve the congestion during the underlay spectrurasacc

As a matter of fact, small cells which incorporate self-oigation capabilities are capable of ex-
ploiting the unused spatial dimension of the primary linkl achieve a throughput improvement, while
alleviating the interference on the degrees of freedomeatiyr used by the MUESs. It can be noted that
the modified water-filling still requires the MUEs to meastiie level of received interference power
and to feed it back to the MBS but the mechanism of exploitatd the macrocellular degrees of
freedom occurs without involving direct communicationvbe¢n the MUE and the neighboring SBSs.

Finally, the achievable rate for MUE using the modified water-filling policy becomes:

djb n*/d*
R, = log (1 + Jd /% ) (8)

k
e ((VIHLGHoV,) + X, Q. HLVAVIHLQL)e,

whered; and~7* = % respectively denote the number of degrees of freedom seldgt the modified
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water-filling policy and the respective signal-to-noiseaa@ver the d-th stream. Note that, according to
such a policy, the rate i](8) is achieved ovér< d, degrees of freedom, using transmit power levels
P > Pr,

C. Small cell Frequency Reuse

In order to assess the efficiency of the proposed solutionpmeide a comparison with a case in
which small cells adopt a frequency reuse scheme. In this, e@&h SBS senses the macrocell spectrum
and modulates itg,-dimensional signal oveld, | = d,. distinct frequency subchannels (e.g., using an
OFDM modulation technique). Clearly, under this approdlet degrees of freedom can only be achieved
in the frequency domain, due to the absence of spatial codiingddition, while the frequency reuse
had the advantage of a simpler implementation, since thetrspe access only requires a preliminary
sensing phase, it is instead more sensitive to the recaitederence. The notion of frequency reuse can
be seen as complementary to the IA scheme. In fact, the foaiteavs several transmissions to coexist
in the frequency domain while underutilizing the opportigs in the spatial domain. Conversely, the
latter exploits the geometrical properties of the receismgghal to allow the coexistence in the spatial
domain, while the frequency dimension is ignored. Inteityy the interference draining solution, which
combines both aspects, can extend the range of operabilityeoabove methods, and thus improve
the small cell and macrocell coexistence to further extertigss novel concept has the benefit of solely
relying on self-organization capabilities at the smalllssehamely in the area of spectrum sensing
and dynamic frequency subchannel occupation, which reptebfe technology requirements of next-

generation cellular networks.

IV. MACROCELL-SMALL CELL COEXISTENCE AS A COALITIONAL GAME

In this section, we analytically model the small cell cogtiem framework as a coalitional game
in which the MUEs and the SBSs are the players. We introduogesmoalitional game concepts and
present the solution concept of the recursive core whichvghe existence of stable coalitions in the
networks. Finally, we provide a distributed algorithm whiconverges to a stable partition.

Let ¥ = N UK denote the set of the players and in the proposed gameS and a coalition in the
network, i.e., a set of players which are the decision magee&ing to cooperate. Then, the macrocell-
small cell cooperation can be understood as a coalitiomakga which, the SUEs form coalitions so as
to coordinate the spectrum access and efficiently use thialbladegrees of freedom in the space and

frequency domains, while the MUESs join the existing coali to alleviate the received interference.
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The overall benefit achieved by a coalition is representethbycoalitional valuev (S, I1y ), which
guantifies the worth of a coalition and is defined as a vectahefindividual payoffs of the players
in coalition S. Further, we recognize that the individual payaff that each playet in coalition S
receives is indeed the achievable transmit rate of each SIABVAJE as perR and R¢ in (7) and [8),
respectively. According to the coalitional game theoryni@ology, the game under analysis belongs to
the category of coalitional game jartition form with non transferable utility (NTUJ44], [45]. The
NTU property is implied by the nature of the transmit ratejclhis an individual performance metric
that cannot be exchanged among MUEs or SUEs. With respedue feetrtition form, it must be noted that
the value of any coalitiory' strongly depends on how the playenstsideS have organized themselves,
thus, it is affected by the formation of other distinct ctahis in the network. In other words, the
performance achieved by each player (SUE or MUE) dependb@mpadrtition of the networkl, (I1y
is a partition of¥). When a coalition is formed, the members jointly remodelithransmit signals in
both space and frequency domain, and, to the players outsédeoalition, this is seen as a change in
the shape of the interference. Therefore, in the proposetkmthe rate achieved by the members of
any coalitionS C ¥ that forms in the network depends on the cooperative or moperative strategy
choice at the SBSs and MUEs W\ S.

Now, given two payoff vectorx,y € R/, we writex >g y if z; > y; for alli € S ¢ ¥ and for
at least ongj € S z; > y;. We also define amutcomeas couple X, IIy), wherex is a payoff vector

resulting from a partitiorily. Finally, let (W, v) denote the set of all the possible outcomesbof

A. Recursive core

In order to solve the proposed coalition formation game irifo@n form, we will use the concept of
a recursive coreas introduced in[[34] which is one of the key solution consdpt coalitional games
in partition form. In essence, the recursive core is a sldtabitcome of a coalition formation process
that accounts for externalities across coalitions, whichthe considered game, are represented by the
mutual interference between coalitions of SBSs. In ordendalain the recursive core we introduce the
concept of theesidual gamg34].

Definition 1: Consider a network in which a subset of players has already organized themselves
in a certain partition. Aresidual game(R, v) is a coalitional game in partition form defined on a set
of playerskR = ¥\ S.

We use the concept of residual game to model how the rest ofiehgork organizes itself after a

coalition S has formed. Clearly, one of the main attractive propertiesr@sidual game is the possibility
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of dividing any coalitional game in partition form into a nber of residual games which, involving a
smaller number of players, are easier to solve. Indeed,iduasgame is still in partition form and it
can be solved as an independent game, regardless of how femesated. The solution of a residual
game(R,v) is known asthe residual corevhich is defined as the set of possible game outcomes, i.e.,
partitions of R that can be formed.

Through the concept of residual games, it is possible toyaeathe cooperative behavior in large
networks in a computationally easier way as the residualegaare defined over a smaller set of
players than the original game. Hence, the recursive cdtgi®o can be found by recursively playing
residual games, which yields the following definition [[34efition 2]:

Definition 2: The recursive coreof a coalitional gamg W, v) is inductively defined in four main
steps:

1) Trivial Partition. In a network with only one playeb={:}, the recursive core is clearly composed

by the only outcome with the trivial partition composed bg #gingle playei: C({:},v) = (v(i), ).

2) Inductive AssumptionAs an inductive step, we assume that the residual gafRes) with at
most K — 1 players have been defined and each one is associated to matesile C'(R,v).
Thus, proceeding recursively, we define #ssumptiomrd(R, v) about the gaméR, v) as follows:
A(R,v) = C(R,v),if C(R,v) # @; A(R,v) = Q(R,v), otherwise. In other words, an assumption
defines a preference on how to partition a residual g&nand it coincides with the residual core,
if already defined, or with the set of any possible partitiério

3) Dominance We now introduce the mechanisms of selection among theilpessartitions. An
outcome(X, I1y) is dominatedvia a coalitionS if for at least one(yy, g, [lu\s) € A(¥\ S, v) there
exists an outcomeé(yg, Yy s), s U llus) € Q(¥,v) such thatlyg, Yy g) >s X.

4) Core GenerationFinally, the recursive core of a game |df| players is the set of undominated
outcomes and we denote it y(V, v).

One can notice that a stable network partition will emergeoeding the concept of dominance in
step 3) of Definitio 2. The concept of dominance inherendptares the fact that the value of each
coalition depends on the belonging partition. Hence, it barexpressed in the following way. Given
a current partitionlly and the associated payoff vectoy an undominated coalitiols represents a
deviation fromIly such that the resulting outcontéys, Yy s), Ils U Ily\s) is more rewarding for the
players ofS. It appears clear now that by simultaneously playing redugames, the players organize

themselves in the coalitions which guarantee the highegifhavhich is uniquely determined by the
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belonging partition. Thus, finally, the recursive core caniriterpreted as the set of those undominated
partitions.

We now analyze the stability of the recursive core solutiod provide some instructions in order
to guarantee it. As the players of the game under analysisvidfe and SUE which face different
operation as described in Section lll, the stability of tretition in the recursive core has to verify
diverse conditions. With respect to the small cell tier,ahde observed that the dominant interferers
SBSs are the most eligible to join a SBSs coalition. Theipeesve transmit rates are limited by the
received signals overlapping in the frequency and spatrakdsion, thus, through cooperation they
would jointly construct the precoders in order to supprégsrutual interference. As a result, as long
the coalitions are constructed while iteratively suppregsshe interference among dominant interferers,
the members will not abandon it and the coalition value wallion decreasing at each iteration. At the
MUE side, when a cooperative strategy is adopted the MUEsscated with the coalition exploiting
its unused degrees of freedom, although there is no diréetaiction with the observed MUE and the
SBSs in the coalition. Naturally, as an MUE may release itgeks of freedom only upon a feasible
reduction of the received interference, the transmit rat@exed by MUEn in coalition S over the

degrees of freedond’ has to verify the conditionk; > R,.

B. Proposed Algorithm and Distributed Implementation

In the following we provide a distributed algorithm whichre@rges to the recursive core and reflects

the above considerations on how stable coalition form.
To reach a partition in the recursive core, the playersbiruse Algorithm[l. In this algorithm,

which includes the operations at both the SBS and the MUEsside devise three phases: Interferer
discovery, small cell coalition formation, and coalitievel cooperative transmission. Initially, the
network is partitioned byW| singleton coalitions (i.e., non-cooperating mobile usdsiring the phase

of interference discovery, the MBS periodically requesesétved Signal Strength Indicators (RSSIs)
measurements from its MUES to identify the presence of sogdils which might cooperatively provide
higher throughput. Then, based on the RSSIs, the inteeSBSs are ordered from the stronger to the
weaker. Moreover, during the uplink (UL) macrocell transsmns, each SBS estimates the subspace
spanned byH,,,V, of any MUE n in proximity. This operation is accompanied by the assuomptf
reciprocity of channeH,,, to allow SBSk to estimate the interference produced at the MHnN

the successive phase of coalition formation, each SBStselee first interfering SBS from the ordered
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Algorithm 1 Distributed coalition formation algorithm for interferem draining in small cell networks
Initial State at the SBS: The network is partitioned b¥ly = A U K with non-cooperative SBSs and MUEs.

Proposed Coalition Formation Algorithm
Phase | - Interferers Discovery
1) Based on the collected RSSIs, each SB&iscovers the interfering SBSs and forms an
interferers list sorted by the level of interference brdughthe SUES € L.
2) During the UL, each SB% estimates the subspace spannedy.V,, from MUEs

transmissions and identifies an interference drainingmdel"),.

Phase Il - Small Cell Coalition Formation
for all SBSj in the listdo
1) SBSk computes a precoding matri; € I';, which guarantees the first draining condition in (6)
for all the SUES € L;.
2) Each SBSk computes the projection &, on the signal subspace of each of the detected MUEs

n, and computes the respective SIR.

if V1. verifies the second condition in (8)en
3) SBSk sequentially engages in pairwise negotiations with BB the list to join coalitionsS.
4) Each SBS evaluates the average fafeof its SUE+ as in [4).

else
5) Current SBSj is discarded and the following SBS in the interferers lisassessed.

end if

6) The payoff is updated, accounting for the newly adopteateqy.
7) Each SBS joins the SBS which ensures the maximum payoff.

end for

Outcome of this phase:Convergence to a stable partitidhy in the recursive core.

Phase Ill - Coalition-level CoMP transmissions
1) Within each coalition, cooperative interference dragnbperations as described in Secfion TlI-A are
initiated.
Initial State at the MUE: Each MUEn controls the SIR over each of thg, signal streams.
if the interference on the d-th signal leads to a SIR smaller ginathen
MUE n executes the modified water-filling algorithm and updatesrtite R¢, .
if RS > R, then
The d-th degree of freedom is released, and the payoff ugdaks;.
end if

end if

list and computes the precoding matki% which verifies the first condition in (6). If also the second
condition in (6) is verified for all the MUEs detected by thegotating SBSs, SB% sends a request
for cooperation to its counterpart. If both SBSs mutuallprape the cooperation request, they form a
coalition S, and their transmissions will lay in the interference dirsgnspace’s. Once a coalition has
formed, the member SBSs exchange information for propedgehthe matrice®),, V. which realize

the draining of the interference, and the channel stateatdisH ;;, H;;, via the X2 interfa

“Nevertheless, the data exchange among neighboring SBSalsmoccur via wireless link or through the wired backhaul.
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For the MUEs, we assume that no direct cooperation with thallstell tier occurs, however, each
MUE can estimate the SIR of each of tlig received signal streams. Therefore, when the SIR level at
the generic streand is lower than the average threshqu, and the modified water-filling policy over
the remaining degrees of freedom guarantees a higher nate tihe d-th degree of freedom is released
by allocating the power over the remaining stream. As thesS&® able to detect the dimensions of
the MUE signal subspace, the newly released degrees ofoireddve a beneficial impact in finding
a solution which respects the QoS requirements as per (@)hdfuthis results in a more efficient
interference management of the SBSs which, in return, dpfeatransmit power over a larger number
of streams, and flatten the interference over a larger seegfegs of freedom.

Next, we prove the following property for our algorithm:

Property 1: Using Algorithm[1, coalitions of SBSs merge together by Radwminance, and, thus,
the resulting network partitiofly is stable and lies in the recursive cofé(\V,v) of the game.

Proof. Each distributed decision taken by an SBS defines the shapeailition in the network, hence,
the shape of the overall network partition. Therefore, Aifdpon [1 can be seen as a sequence of steps
through which the SBSs sequentially transform the comjposdf the network partition. For example,
let us assume that the network at a given stép partitioned byH(t), and that an SB% € S C Hg)
deviates to another coalitidfi C prt“), which Pareto dominateS. In other words, ifx andy are the
payoffs vectors of coalitions and T, respectively,, < y, andz; < y; for all j € T c TI{*". Note
that, as each SBS gradually selects the partners among itehinterferers without affecting the other
orthogonally allocated SBSs in the network, the value oéptioalitions remains unchanged. Therefore,
given any two successive algorithm stemndu, t < u, we have thafl{ is Pareto dominated b .

As a resultp(I1{)) = sty v(S. () < () = Y reng (T, ().

The above sequence resulting from the proposed algoritrsures that the overall network utility
sequentially increases by Pareto dominance. Thus, at éaetion of Algorithm 1, the sum of values
of the coalitions in the network increases without decraashe payoffs of the individual SBSs. We
show that as the number of possible steps of the algorithmite fand given by the number of possible
partitions of U (Bell number [45]), Algorithn L converges to a final partitio

When an SBS cannot find any other deviation which is profitalgl®areto dominance, it has reached
the highest payoff and then induced an undominated caalitibich lies in the recursive core of the
game. Clearly, the players have no incentive to deviate ftoencurrent partition, because any other

possible strategy would lead to an inferior payoff. The igart in the recursive core is therefore stable
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since, once formed, it will not change into any other pamitprovided that the players are always able

to modify their strategy at any time. [ |

Therefore, the recursive core is reached by considerirtgotilg the payoff-maximizing coalitions are
formed, through the concept of dominance in Definifion 2.a@ie this algorithm is distributed since
the SBSs and MUEs take individual decisions to join or leawaalition, while, ultimately reaching a
stable partition, i.e., a partition where players have reemive to leave the belonging coalition. Those
stable coalitions are in the recursive core at the end of ¢eersl stage of the algorithm. Finally, once
the coalitions have formed, the members of each coalitiocged to perform the interference draining
operations described in Sectibn III-A.

V. NUMERICAL RESULTS

For system-level simulations, we consider a single madregth a radius of650 m within which K
SBSs andV MUEs are randomly distributed. Each SBS K servesL; = 1 SUE scheduled ovem,|
subchannel, adopting a closed access policy. We set themmaaxitransmit power per transmission at
the MBS and the SBSs t6", = 40 dBm, P*

max max

by distance dependent path loss shadowing according to @RP3specifications [46]. Moreover, a

= 20 dBm, respectively. Transmissions are affected

wall loss attenuation of2 dB affects SBS-to-MUE transmissions. The considered ncadrdias200
available subchannels, each one having a bandwidtt8efKHz. The MBS and each SBS dedicate
|®,,| = 1 and |®,| < 4 subchannels to the transmission of each MUE and SUE, régglgctor both
SUEs and MUEs, we assume that power control fully compesdatehe path loss. Further simulation
parameters are included in Table 1. To leverage channetiars and user positions, statistical results
are averaged on a large number of simulation rounds (Montk Ganulations).

In Figure[2, we show the average payoff per SUE as a functioth@fnumber of MUEs in the
network NV, for different strategies and MIMO antenna set sizgsx B = {2,4} x {2,4}. Figure[2
shows that a cooperative strategy whose solution is basdtieojoint interference draining leads to
gains almost proportional t®. Nevertheless, as the density of MUEs grows, the averags siart
decreasing as the mechanism of interference suppressmoaghes the maximum number of signals
which can be suppressed. For instance, Fiflire 2 shows thavrage payoff per SUE with a 4x2
MIMO antenna set resulting from the coalition formation carhieve an additionad1% gain with
respect to the non-cooperative case, in a network Wita 200 SBSs andV = 120 MUEs. Therefore,

we demonstrated how cooperation is beneficial to the SUEgmyhpopulated areas where the density
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TABLE 1 - SMALL CELL SYSTEM PARAMETERS
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Macrocell radius
Small cell radius
Carrier frequency
Number of SBSs
Number of SUEs per small cell{.)
Number of MUEs per macrocell
Minimum required SIR at each MUE:
SBS antenna gain
Forbidden drop radius (macro)

650m
15-25m
2.0 GHz
1-360
1
1- 200
8-12 dB
0 dBi
50m

Number of antennas at the MBS (SBS) A,, = {2,4} (Ax = {2,4})

Max TX power at MBS (SBS)P? ... (Pk

Number of antennas at the MUE, SUE
mac)
Forbidden drop radius (SBS)
Total Bandwidth
Subcarrier Bandwidth
Thermal Noise Density
Path Loss Model [dB] (outdoor)
External wall penetration loss
Lognormal shadowing st. deviation
Shadowing correlation between SBSs

B=2
40 dBm (20 dBm)

0.2m

40 MHz

180 kHz

-174 dBm/Hz
15.3 4 37.6 log, o (d[m])

12dB
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Fig. 2. Average individual payoff per SUE as a function of thenber of MUEs, for the different studied approaches and ®I&htenna
sets.d = 12 dB, K = 200.

of interferers (i.e., potential coalitional partners) igth

In Figure[3, we evaluate the performance of the proposedtiocmaformation game model by plotting
the average payoff achieved per MUE during the whole trassiom time scale as a function of the
number of SBSsK. We compare the performance of the proposed algorithm to dhahe non-
cooperative case, for different number of signal streamisMIBE d,, = 1 — 4. It can be noted that

the MUE achievable rate is affected by the cross-tier ieterice in a way which is proportional to
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Fig. 3. Average individual payoff per MUE as a function of tmember of MUES, for the different studied approaches and MI&htenna
sets.d = 12 dB, N = 150.

the portion of spectrum occupied. As the number of SBSs durtirows, the interference brought at

the MUE side justifies a cooperative approach with modifietewalling power allocation, as it grants

a larger achievable rate. Hence, the MUEs will successikalase the available degrees of freedom
while perceiving a reduction on the received interferef@g.example, Figurgl 3 shows that by releasing
2 degrees of freedom, an MUE can gain up3®&9, with respect than the non-cooperative case in a
network with K = 320 SBSs andV = 150 MUEs.

In Figure[4, we observe the average number of coalitions énrtetwork and the average size of
the SBS coalitions in the recursive core for a given QoS tanfi@ = 12 dB at each MUE. Figurel4
shows that, for small networkdy < 40 SBSs, the SBSs have low incentive to cooperate, and, thus,
the recursive core is mainly populated by singleton caadgi Conversely, for larger network sizes
(40 < K < 160 SBSs), the SBSs start to prefer a cooperative strategy, @essed by the increase
in the average size of the coalitions. The coalition foroatbecomes even more preferable when
the SBSs can exploit the frequency dimension as it extenelditthitation of condition [(5). Indeed,
by doing so, nearby SBSs can drain the mutual interferenceigmal subspaces, which are mutually
orthogonal among the coalition members and still respextQhS requirement at the MUE close to
any of the coalition members. Further, far > 160 SBSs, also note how the IA based approach cannot

accommodate new coalition members as the solution reackastigation point, while the interference
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Fig. 4. Average coalition size as function of the number ofSSBfor different QoS requirements at the MUES, expressed byl2 dB

andé = 8 dB in the ID+IA and IA approaches respectively. = 200.
draining allows for additional gains reaching up to an ageraoalition size o3 for a network with

K =280 SBSs, with respect to the8 of the IA based approach.

Figure[5 shows the efficiency of the proposed solution in seafpercentage of interference in the
desired signal signal subspace versus the number of SB&e inetwork. In this figure, we show that
through cooperative operations it is possible to redirbet interference over signal subspaces which
are mutually orthogonal among coalition members. In a nmwperative approach, the interference is
randomly distributed over the spectrum channels and theasplirections, so the ascendant behavior
in Figure[% is a consequence of the number of transmissionmshviinearly grows with/'. Conversely,
through the proposed approach with interference draininig possible to control the addressed in-
terference subspace and this allows for additional intenfee reduction ofi7% with respect to the
non-cooperative case. As the number of SBS gets larg#r £ K < 200), the spectrum becomes
congested and the interference starts to occupy all thelssgibbspaces (i.d., the degrees of freedom) in
the network, with a consequent impact decrease on the adiieegains. Finally, note how the benefit
of the proposed cooperative approach grows in case of aigleeance of the MUES' to the received
interference.

In Figure[6, we compute the cumulative distribution funetiof spectral efficiency of the proposed
approach for different number of antennéisx B = 4x4,4x2,2x2, in a network withN = 250 MUEs
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0 =12dB.
and K = 250 SBSs. This figure shows that through spatial reuse it is plesg significantly reduce the

co-tier interference and achieve high spectral efficiesicie detail, we compared a solution which is
only based on the interference alignment with one that pe$ahe interference draining in the spatial
and frequency domains. It can be noted that the proposeddrdgace draining solution results in a
further improvement o 5% of the average spectral efficiency per small cell transmingsivith respect
to the 1A solution. This is motivated by the fact that, wherdyoan IA based solution is available, the
coalition formation process reaches its saturation forllemaetwork sizes. Therefore, through under
an IA based approach it is possible to form coalitions andestédss interfering links than under an
interference draining approach.

Figure[T shows the average spectral efficiency per smalllicédlas a function of the maximum
transmit powerP* at each SBS, for different studied approaches, in a netwditk W = 150 SBSs.

max

For low levels of transmit poweP* < 6 dBm, the performance of the ID and IA based approaches

ax

are similar, as the interference among SBS is limited. Aslékiel of transmit power increases

PF < 16 dBm), the mechanisms of interference avoidance outperfbentraditional non-cooperative

max

frequency reuse scheme. Furthermore, it can be observeththtD based approach allows for a more

effective interference management, for higher transmitgrdevels, when the received interference is
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Fig. 6. Cumulative distribution function of the spectrafi@éncy per SBS for different studied approaches and MIM@eiama sets.
0 =12 dB. N =200, K = 200.

generally the main factor of low SIRs. In fact, we observe tt@operative SBSs using an ID based
approach can gain up 85% and89% with respect to an IA based approach and a non-cooperatbe ca
respectively. Finally, fo”® > 16 dBm, the average spectral efficiency gains eventually dserebeing

limited by the co-tier interference. In a nutshell, Figliel@monstrates that the proposed coalitional
game model using interference draining has a significardratdge over the non-cooperative case, which

increases with the MUES’ toleration to the cross-tier ifsemnce.

VI. CONCLUSIONS

In this paper, we have introduced a cooperative framewarknterference mitigation in both the small
cell and the macrocell tiers. We have formulated the proldsra coalitional game in partition form and
proposed a distributed coalition formation algorithm teaables SBSs to independently select the most
rewarding strategy, while accounting for a limitation oe thterference brought to the close MUEs. We
have shown that the proposed algorithm reaches a stablgégmnivhich lie in the recursive core of the
studied game. Within every formed coalition, we have pregosn interference draining scheme, which
is a suitable solution for enabling multiple underlay transsions over the same spectrum. Results have

shown that the performance of underlay small cells is ultatyalimited by the received interference,
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Fig. 7. Average spectral efficiency per SBS link vs maximuamsmit power limits, for the different studied approaches= 12 dB.
N =200, K =250 Ay, =4,B = 2.

therefore, the proposed cooperative strategy among émtegf small cells brings significant gains, in
terms of average achievable rate per small cell, reachingpujy%, relative to the non-cooperative
case, for a network withi50 MUEs and200 SBSs.
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